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Abstract: This paper gives a report on borehole bulk -strain data recorded at the seismostations of Liuhe and 
Nantong in Jiangsu Province from January 1, 2003 to December 31, 2008. While the data at Nantong showed 
much noise possibly due to site instability and no earthquake-related changes, the data at Liuhe showed anom-
alous changes that began one to several weeks before three earthquakes of magnitude 4. 0 to 6. 0 at epicentral 
distances up to 400 km. 
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1 Introduction 
A borehole bulk-strain meter buried more than ten me-
ters deep is an effective means to monitor crustal de-
formation. Its precision can be as high as 10 -9 , which 
is sufficient to record earth tide. Zhang et al[tJ, Gao et 
1[2] a ' Du[
3J, Bo[4J, and Li et al[SJ have made in-
depth studies on borehole bulk-strain observations. 
They find that atmospheric pressure and rain are the 
primary factors affecting the precision of such observa-
tion. The response of different observation sites to at-
mospheric pressure and rain are generally similar but 
with small differences due to factors such as sites ' lo-
cation, geological condition, and borehole size and 
depth. 
In this paper we report on observations made during 
2003 -2008 with two borehole bulk-strain instruments 
at Liuhe and Nantong Seismic Observatories in Jiangsu 
provmce. 
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2 Observation-site condition 
Liuhe seismo-staion is located at 32°30' N and 118°56' 
E, 104 m above sea level (Fig. 1). It is on the north 
edge of Jiangnan uplift of geotectonic units, the north 
and east of which is Mesozoic-Cenozoic sedimentary ba-
sin , with thin overburden layer, and under which is Sini-
an dolostone , limestone and Y anshanian intermediate -
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Figure 1 Location of Liuhe and Nantong seismo-stations and 
earthquake epicenters 
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acid intrusive rock interbred, lacking hard rock. The li-
thology of borehole is generally divided into weathered 
diorite-porphyrite, serpentinized dolomite, serpentinized 
ivemite interbed, kaolinization ivernite and alteration 
limestone. A TJ- 2C borehole bulk-strain meter is in-
stalled in the layer of alteration limestone , above 
groundwater, and the borehole's diameter is 127 mm. 
Nantong seismo-staion with a TJ - 2C instrument is 
located at 31°57' N and 120°53' E, 104 m above sea 
level ( Fig. 1 ) . The local tectonic units are located in 
Yangzi fault block. The north of it is Jiangnan ruche. 
From new structure division, it belongs to Yangtze Riv-
er Delta slow settlement zones in East Chinese Plain 
settlement zones. Looking from structure location, 
Nantong' s regional geology has transition property, 
and it is the extension part of Wuxi-Changshu anticline 
structure in south Jiangsu. The borehole is 130 mm in 
diameter and covered by a soil layer about 60 m thick. 
Its bedrock is quartz sandstone , and the water level is 
about 2. 6 m deep. 
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Figure 2 Time series of bulk-strain and rainfall data at 
Liuhe and Nantong stations 
3 Background variation 
It is well known that it takes a few years for a newly in-
stalled borehole bulk-strain meter to settle down. Fig-
ure 2 shows the strian data ( hourly value) recorded at 
Liuhe and Nantong, together with daily rainfall data, 
since installation. 
Table 1 shows annual amplitude variation and integ-
rity rate of the observation data. These two instruments 
have good continuity: Liuhe bulk strain ' s annual drift 
quantity and variation amplitude are more than that in 
Nantong. Although zero drift is eliminated , annual 
change amplitude is still big. The site began to become 
stable from 2006 , and the annual-change amplitude 
decreases year by year. The destructive Wenchuan 
earthquake, occurred on May 12, 2008, and caused a 
414 X 10-8 strain step. Nantong bulk strain shows an-
nual variation in 2005 , with decrease in the middle of 
the year and increase at the end. It showed a 321. 6 X 
10 - 8 jump due to instrument problem in June, 2007, 
and a 525 X 10-8 strain step for the Wenchuan earth-
quake. Except these two perturbations, the later annu-
al variation shows similar shape as in 2005 , but with 
smaller amplitude. 
Table 2 shows M2 tidal factor, mean error and rela-
tive mean error, which are calculated by Venedikov 
harmonic analysis. In the process of calculation, obvi-
ous jump data and earthquake step variation data have 
been smoothed and eliminated. The result shows that 
these two instruments meet the precision requirement of 
relative mean error being less than or equal to 0. 05 in 
the comparison standard. Some monthly observation 
precision can ' t meet the requirement due to jumps or 
instrument problems, but the average annual data is 
not significantly affected. 
Table 1 Variation amplitude result of Liuhe and Naotong bulk strain from 2003 to 2008 
Liuhe bulk strain Nan tong bulk strain 
year Annual variation Annual amplitude after Intact Annual variation 
Annual amplitude after 
Intact 
amplitude( 10 - 8 ) removing zero drift rate( % ) amplitude ( 10 - 8 ) removing zero drift rate ( %) (10 - 8) ( 10 -8) 
2003 49474 8986 95 . 67 892 400 99. 48 
2004 12904 2102 100.00 1879 788 100. 00 
2005 14670 5240 99.11 1309 708 100.00 
2006 5490 4134 97.19 750 742 99.85 
2007 2806 2580 99. 52 858 302 98.59 
2008 870 945 99.77 1084 488 99. 86 
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Table 2 Bulk-strain data' s precision calculation result 
Liuhe bulk strain Nantong bulk strain 
Ye..-
M2 wave tidal factor Mean error Relative mean error M2 wave tidal factor Mean error Relative mean error 
2003 1.6271 0. 0575 0.0454 
2004 1.6694 0. 0211 0. 0130 
2005 I. 6198 0. 0115 0. 0071 
2006 1.6055 0.0082 0. 0051 
2007 I. 6921 0. 0072 0.0043 
2008 I. 7382 0.0175 0. 0101 
4 Influence of atmospheric pressure 
on bulk-strain data 
One of the environmental variables that greatly influence 
bulk-strain observation is atmospheric pressure. The in-
fluence coefficient is closely related with elastic modulus 
and Poisson coefficient of the rock , and is different at 
different depths, reaching a maximum, at 100 meters. In 
theory ,every 1 x 102Pa of atmospheric pressure increase 
causes a 1 X 10 -s stmin increase in compression[?]. 
To get normal background value of the atmospheric 
pressure-coefficient, hourly data during a month with-
out rain has been chosen for study. After eliminating 
the tendency variation of bulk strain by using the meth-
od of second order polynomial curve fitting, both strain 
and atmospheric-pressure variations have similar 
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1.2849 0. 0211 0.0164 
shape. The atmospheric-pressure coefficient is calcu-
lated by choosing a variable linear regression model: 
a(t) =a+bP(t) ( 1) 
where a ( t) is the observed bulk strain , P ( t) is the 
observed atmospheric pressure , b is the regression co-
efficient and a is a constant. 
The correlation coefficient r between bulk strain and 
atmospheric pressure is calculated by formula ( 2) : 
(2) 
Figure 3 shows the hourly data of bulk strain and at-
mospheric pressure at Liuhe and Nantong during March 
1 to 20 , 2004 , and Figure 4 the correlation between 
them . The correlation is good at Liuhe but slightly less 
so at Nantong. Table 3 gives the correlation results for 
timo (day) 
Nantong station 
Figure 3 Hourly data af bulk strain and atmospheric pressure at Liuhe and Nantong from March 1 to 20, 2004. 
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Figure 4 Correlation between bulk strain and atmospheric pressure at Liuhe and Nantong station during March 2003 
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Table 3 Result of correlation aoalysis on the hourly data of bulk strain aod atmospheric pressure 
at Liuhe aod Nantong during March, 2003 -2008 
Liuhe station Nantong station 
Time 
(year-month) Cmrel.at:i.on Atmospheric pressure Regression residuals Correlation Atmospheric pressure Regression residuals 
coefficient coefficient standard deviation coefficient coefficient standard deviation 
2003 -03 0.62 0.82 28.68 
2004 -03 0.60 0.60 32.95 
2005 -03 -0.38 -0.01 19.30 
2006 -03 0.85 1.07 27.54 
2007 -03 0.62 0.69 21.68 
2008 -03 0.87 1.09 19.03 
every March during 2003 to 2008. Except the abnor-
mal value caused by instrument fault in March 2005 , 
Liube ' s correlation coefficient is in the range of 0. 60 
to 0. 86, and Nantong' s is above 0. 8, except the low 
value of 0. 650 in March 2004. The average values for 
the 6-year period are, respectively, 0. 8532 X 10-10 
/Pa and 0. 5944 x 10 -!0 /Pa , which are within the 
range of ( 0. 13 - 1. 65) x 10 - 10 /Pa given by the refer-
ence[sJ. With such a good correlation we may use the 
calculated atmospheric-pressure coefficient to exclude 
the pressure ' s effect on the strain data. 
5 Influence of rainfall on bulk-strain 
data 
Rain has a complex influence on the data. Raining 
rate , duration , accumulation, geological condition, 
water guide ability of the media around the probe, 
etc. , all affect bulk strain observation. The variation 
of rainfall and bulk strain does not fit linear relation. 
Also , atmospheric pressure , underground water and 
rain are all interactive disturbance factors[9]. For a 
quantitative discussion, disturbance conditions must be 
optimized and simplified. Firsdy it is assumed that at-
mospheric pressure in study period is basically stable. 
Secondly, sudden rain after long drying and moderate 
rain in long duration can lead to different bulk-strain 
variation. Because certain rainfall inevitably leads to 
ground saturation, its form carmot be distinguished in 
this quantitative study. We adopt cumulative rainfall in 
a rainy cycle for calculation, and take underground wa-
ter and rainfall as the same influencing factor in linear 
correlation. 
As shown in Figure 2 , the maximum daily rainfall at 
0.87 0.66 32.62 
0.65 0.48 16.01 
0.88 0.56 6.24 
0.84 0.79 11.50 
0.89 0.57 5.79 
0.80 0.50 38.20 
Liuhe and Nantong were, respectively, 220 mm on July 
10,2007 and 144 mm on July4,2007. In general,when 
rainfall is small (under 50 mm/ day) , there is basical-
ly no influence on observation. When it is moderate 
(between 51 mm/day to 150 mm/day), the variation 
basically resemble that of earth tide , increasing first, 
then decaying in exponential form, and fmally falling 
back ( see Fig. 5 ( a) at Liuhe, for example) . When 
rainfall is large (over 150 mm/ day) , the loading effect 
caused a pulse-like variation (Fig. 5 (b) ) . 
Figure 6 shows a statistical correlation between rain-
fall amount and bulk strain at Liuhe, (a) at the begin-
ning of raining, and ( b ) when strain resuming. At 
Nantong, the bulk - strain variation caused by rain is 
smaller and less typical. 
To analyze quantitatively, the rainfall disturbance 
coefficient {3 and rainfall efficiency '7[ 11 are 
introduced [OJ. Assuming a rainfall amount of w ( mm) 
, then: 
(3) 
'1 ={3/ Lit (4) 
where Lla( 1 X 10 -•) is the resulted increment of bulk 
strain and Lit (d) is the time interval of the increment. 
Table 4 shows the calculated result of {3 and '1: 
6 Pre-earthquake anomalies recorded 
at Liuhe 
Liuhe bulk-strain data show some short-term pre-earth-
quake anomalies for some moderate-strong earthquakes 
in its prediction range. But because of serious interfer-
ence caused by tectonic setting and rainfall , the results 
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Figure 5 Effect of rainfall on bulk strain at Liuhe station 
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Figure 6 Statistic graphs of bulk strain caused by different amounts of rainfall at Liuhe station 
Table4 Rainfall coefficient fJ and rainfall efficiency 'IJ of bulk strain 
VoL2 
Time( year-month-day) w(~) .:Ia( I x10- 8 ) .:It( day) fl(l X 10 -S=) ~(I X 10 -·=·d) 
2003 - 00 - 06 219 B5 0.5 1.21 2.42 
2005 -09-04 !50 120 2.0 0.80 0.40 
Wfr/-00-09 = 293 0.5 1.33 2.66 
Wfr/-09-20 162 124 1.5 0. 76 0.51 
2008 - 00 - 30 118 89 LO 0. 75 0.75 
2008-08 -02 164 110 1.5 0.67 0.45 
2004-06-B 114 117 LO 1.03 1.03 
2004-00-04 144 137 LO 0.95 0.95 
2005 -08 -08 104 / / / / 
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have been in dispute. In this paper, we summarize 
three such cases: Jiujiang magnitude 6. 0 earthquake 
in Jiangxi province, Xiangshui magnitude 4. 0 earth-
quake in Jiangsu province and Dingyuan magnitude 4. 
7 earthquake in Anhui province ( Fig. 1 ) . 
The Jiujiang earthquake occurred on November 26 
T, 2005, and was felt in Hubei, Anhui, Hunan, Jian-
gsu, Zhejiang provinces. It is about 400 km away from 
Linhe After the earthquake , the Linhe bulk -train data 
was reviewed by Nanjing Earthquake Administration 
there was no obvious disturbance, such as rainfall or 
unusual atmospheric-pressure changes during a period 
of ten days before the earthquake. But the strain began 
to show a drop on November 15, falling 88 X 10-8 on 
the average per day until November 24 with a total drop 
of 809 X 10-8• On the 24th of November, it began to 
rise , and two days later, the earthquake occurred. M-
ter that, it continued to rise slowly ( Fig. 7 ) . 
Before the Xiangshui magnitude 4. 0 earthquake, 
which occurred on May 6 , 2007 , the Liuhe bulk strain 
began to fall quickly on April 9. Without any other dis-
turbance , and the large anomalous variation lasted for 
a long time ( Fig. 8 ) . A prediction opinion was ad-
vanced by the senior author, but it did not receive 
much attention. But the strain decrease was very obvi-
ous in the following days. At 23 o ' clock on April 16 , 
it was 710. 2 x 10-8 , and the average daily variation 
was 88. 8 X 10-8• So an emergency consultation was 
held on April 17. Many methods were used and predic-
tion opinions were put forward. 
time (month) 
Figure 8 Anomaly at the time of Xiangshui magnitude 4. 0 
earthquake in Jiangsu Province on May 6, 2riJ7 
Meanwhile , the Monitoring Department and Predic-
tion Center of Jiangsu Earthquake Administration, Di-
vision of Earthquake Prediction and Prevention ( EP-
AP) and Center of Station Network, China Earthquake 
Administration , paid high attention to this anomaly. 
Some seminars were convened, and detailed discus-
sions were made. 
At 12 o' clock of May 3 , 2007, the observed strain 
reached the minimum point. Then on May 6, the Xian-
gshui 4. 0 earthquake occurred. 
The observed strain changes at the time of Dingyuan 
magnitude 4. 7 earthquake on June 26, 2006 showed a 
similar variation as the Jiujiang earthquake, but there 
was some background disturbance caused by strong 
rainstorm. (Fig. 9) . This situation brought great con-
fusion to data-analysis and earthquake-prediction effort 
at that time. 
As shown in Fig. 9, two months before the earth-
quake rainy season began at Linhe. Because of this 
disturbance , it has been difficult to make a judgment 
on this anomaly based on this set of data along. 
7 Conclusions 
The following conclusions can be drawn from the bulk-
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Figure 9 The strain changes and rainfall at the time of 
Dingyuan magnitude 4. 7 earthquake in Anhui 
Province on July 26, 2006. 
1 ) Instrument zero drift was sufficiently reduced a-
bout 1 or 2 years ' after installation. 
2) The observation precisions of these two instru-
ments met the standard requirements. The main dis-
turbance factors were atmospheric pressure and rain-
fall. 
3 ) The correlation coefficient with atmospheric pres-
sure was about 0. 6 -0.7. 
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4) In response to rainfall, the strain usually in-
creased quickly, then decreased in exponential form, 
and finally came back slowly to normal background lev-
el. 
5) The site condition at Nantong was fragmentary and 
not well compacted The data showed a lot of sudden 
jumps but no earthquake - related anomaly. 
6) Liuhe bulk-strain data showed certain short-term 
anomalies for some moderate-strong earthquakes , in-
cluding liujiang magnitude 6. 0 earthquake in Jiangxi 
Province and Xiangshui magnitude 4. 0 earthquake in 
Jiangsu Province. 
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